Background. Chronic renal replacement therapy patients exhibit reduction in skeletal muscle function as a result of a combination of metabolic effects and muscle fibre size reduction. The aim of this study was to compare muscle mass with function in patients with chronic kidney disease (CKD) at stages 4 and 5 on haemodialysis (HD) and peritoneal dialysis (PD), and investigate the associations of muscle wasting in a cross-sectional cohort. Methods. We studied 134 patients (60 HD, 28 PD and 46 CKD 4). The three groups were well matched for age, sex, diabetes and dialysis vintage. Cross-sectional area (CSA) of muscle and fat was measured from a standardized multi-slice CT scan of a 6 cm long section of thigh. CSA of soft tissue was taken from appropriate fat and muscle densities. Functional assessment was by the sit-to-stand 60 test, assessing both the number of sit-to-stands possible under controlled conditions in 60 s (STS 60), and the time taken to perform five sit-to-stand movements (STS 5). Data were collected on a wide range of potential determinants of muscle CSA.
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Introduction
Chronic kidney disease (CKD) is associated with both muscle wasting [1, 2] and reduced functional capacity [3] . Reduction in physical conditioning is associated with both reduced quality of life and increased mortality in patients receiving dialysis. [4] .
Reduced muscle strength and endurance in dialysis patients is multifactorial and incompletely elucidated. Although the ability to generate force per muscle unit (myopathy) [5] and reduction in CNS-activation of normal motor units (central activation failure) appear to be important, reduction in muscle mass (atrophy) has been demonstrated in a variety of studies [6] .
The uraemic milieu itself appears to predispose to reduced exercise capacity and muscle atrophy. Long-term inflammatory exposure [7] , poor nutritional status [8] , elevated circulating cytokine levels and reductions in insulin-like growth factors, both circulating and within skeletal muscle [9] , have all been reported to be associated with reductions in functional muscle mass.
Muscle mass can be assessed using both invasive and non-invasive methods. Direct quantification by measurement of muscle cross-sectional area (CSA) using both magnetic resonance imaging [1] or computed tomography (CT) [2] have been utilized. Muscle CSA has been reported as an accurate and practical method to detect functionally significant muscle wasting in dialysis patients and correlates closely with direct muscle mass measurements from cadavers [10] . Muscle biopsy studies have revealed abnormal skeletal muscle architecture in patients with CKD. This is particularly marked in those receiving dialysis. Most studies have been confined to haemodialysis (HD) patients. Atrophy of type II fibres is most prominent [5, 11] , with abnormal capillarization [12] . This appears to be a particular feature in HD patients. Controversy still exists on the relative importance of these various factors and the overall impact of the uraemic state itself on skeletal muscle mass and function in CKD patients.
The aim of this study was to examine skeletal muscle mass and function in a cross-sectional study of a single cohort of CKD patients. For the first time this would allow comparison of CKD 4 patients with advance uraemia and those with CKD 5 receiving either HD or peritoneal dialysis (PD).
Methods

Patients
We studied 134 subjects (60 receiving HD, 28 PD and 46 CKD 4). All subjects were recruited from Derby City General Hospital. All HD, PD and CKD 4 patients were eligible to enter the study unless they had been previously transplanted, or had an amputated limb. All eligible patients registered under the care of the renal consultants were approached to take part in this study (total population of 158 HD, 71 PD and 62 CKD 4 in May 2003, at the start of recruitment). Their characteristics are summarized in Table 1 . There were no significant differences in age, sex or prevalence of diabetes between the three groups, and no difference in dialysis vintage between patients on PD or HD. CKD 4 patients were defined as having at least two creatinine clearance measurements made, with values between 15-30 ml/min. Retrospective application of the 4-point modification of diet in renal disease (MDRD) formula to calculate estimated glomerular filtration rate (GFR) confirmed that all patients had been in stage 4 for at least 6 months prior to recruitment. Dialysis modality was a matter of free patient choice, unless an overarching medical imperative existed that prevented the use of PD. No patients were included who had changed dialysis modality.
PD patients were all treated with bicarbonate/lactate-mixbuffered PD fluids (Physioneal). A total of nine out of 28 PD patients were on automated PD and the others on continuous ambulatory peritoneal dialysis (3-5 exchanges/day). All patients had been established on PD for at least 6 months.
HD patients had been established on HD for at least 6 months. All patients were receiving three sessions of at least 4 h duration per week (maximum 5 h per session). Dialysis was performed using Hospal Integra (Mirandola, Italy) monitors and low-flux polysulphone dialysers (1.5-2.0 m 2 , LOPS [15] [16] [17] [18] [19] [20] Õ , Braun Medical Ltd, Sheffield, UK). All patients were dialysed using a 1.25 mEq/l calcium and 134 mmol/l sodium-containing dialysate. All patients received bicarbonate-based HD. Patients were all dialysed at the main dialysis centre at Derby City Hospital.
Patients were excluded if they had ongoing conditions likely to increase muscle catabolism, including HIV infection, active sepsis or known malignancy. Patients were receiving standard dietary advice on their intake, no formal assessment of their nutritional status was undertaken. Comorbidities and current medications were recorded from review of the patients' notes. Daily sodium intake was limited to 100 mmol and daily protein intake was set at 1.2 g/kg/day, this advice had been followed for at least 1 year prior to the study. A total of 95% of the patients on HD and 82% of patients were receiving epoeitin therapy. Appropriate ethical approval had been granted by the South Derbyshire Local Research Ethics Committee, and all patients provided written consent.
Data collection
Date were recorded for all patients on age, sex, comorbidities, medication, BMI, height, time-averaged (for previous 6 months) haemoglobin, serum-phosphate, serum-corrected calcium, albumin (bromocresol purple method) and serum bicarbonate concentration. C-reactive protein (CRP) was measured at the last routine monthly blood-taking, prior to functional assessment and measurement of muscle CSA. In addition, dialysis patients had their last dialysis adequacies recorded (all within 1 month of assessment) as well as dialysis details and time on renal replacement therapy.
Imaging
All studies were performed using GE Medical Systems lightspeed16 Õ multi-slice spiral CT scanner. Images were acquired when the patient was supine, no contrast was used. A standardized section through the thigh, 20 cm above the tibial plateau, 6 cm in length was imaged in 2.5 mm slices, care was taken to ensure that none of the slices overlapped. Actual scan time was found to be under a minute. A medical physicist calculated radiation exposure. The dose of radiation given for the overall scout picture was found to be 8.175 mgy. The dose of the radiation in order to image the specific section of the inner thigh where this section of the superficial femoral artery is located was found to be 108 mgy. This equates to a smaller dose of radiation than a chest X-ray, which has an average radiation dose of 120 mgy.
The scans were scored by two people, blinded for both dialysis modality and patient identity. Scoring was undertaken using GE Medical Systems Õ Advantage Workstation software. Muscle CSA (mm 2 ) was measured after an appropriate area of interest was drawn around the images and windowing for the appropriate densities (fat and noncontractile connective tissue -200-0 HU, muscle 0-200 HU). Muscle CSA was measured of the top, middle and bottom slices of this 6 cm cylinder of thigh, and the mean of these three values was then adjusted for height. This was an attempt to capture a comparable distribution of thigh muscle and fat content, allowing for the differing morphologies of the thigh between patients at this level.
Functional muscle assessment
Simple objective tests of overall physical function were undertaken. The tests involve rising, with arms folded across the chest, from the sitting position from a chair seat of standard height ($46 cm) and returning to the sitting position. The movement was explained and demonstrated and the patient was habituated to the procedure. Patients were timed whilst performing five repetitions of the sit-tostand test as quickly as they could (STS 5; a surrogate measure of muscle power), and also the maximum number of sit-to-stand tests that could be performed in 60 s was also recorded (STS 60; a surrogate measure of muscle endurance).
This type of assessment of physical performance has been widely used in the study of CKD patients [13] , and well validated against more detailed assessments [14] .
Statistical analysis
Group data are represented as mean±SD (95% confidence intervals) unless otherwise stated. All data were tested for normality. Comparisons between groups were made initially by one-way ANOVA and post-test Bonnferroni's multiplecomparison test, and subsequently using unpaired t-test where appropriate. Muscle CSA between CKD patient groups is displayed as box and whisker plots to best demonstrate the spread of data visually.
Univariate regression analysis was used to assess the impact of potential determinants on muscle mass. CRP levels were not normally distributed and were analysed log transformed. Linear regression analysis was also performed to study the relationship between muscle CSA and functional performance. All analyses were performed using Prism v3.0 software package.
Results
Muscle mass, as assessed by the measurement of muscle CSA corrected for linear height, was significantly lower in patients receiving dialysis (by about 9%), as compared with patients with CKD 4 (Table 2 ). This is despite the patients being well matched for age, sex, prevalence of diabetes and dialysis vintage (for those on HD or PD) ( Table 1) . On average, males exhibited around 8% greater muscle mass than females. There were no significant differences in muscle CSA between patients receiving HD or PD (Figure 1 ). These differences between CKD 4 patients and those receiving dialysis were also reflected in higher levels of physical performance in the CKD 4 patients ( Table 3 ). There was a non-statistically significant trend for an increased thigh CSA for fat (uncorrected for height) in PD patients as compared with CKD 4 and HD patients (10220±1004 mm 2 , 9391±734 mm 2 and 8858±mm 2 , respectively, P ¼ 0.06). Reductions in muscle CSA appeared to be functionally significant. Muscle CSA was positively correlated with STS 60 and negatively correlated with STS 5 assessments of overall physical condition in both males and females (all P<0.001, Figure 2 ). These relationships were also present when the data were analysed by individual dialysis modality or in CKD 4 patients alone.
When considering all patients together univariate analysis demonstrated that only CRP, age and serum albumin were significantly correlated with muscle CSA, while creatinine clearance (CKD 4 patients), weekly creatinine clearance (PD patients), delivered Kt/V (HD patients), time-averaged serum bicarbonate, serum calcium and serum phosphate were not correlated (Table 3 ). There were no significant differences in Haemoglobin between males or females or between any of the groups studied. Serum phosphate and calcium-phosphate product were higher in HD patients as compared to CKD4 patients, but there were no differences in these variables when comparing PD patients with either CKD4 or HD patients. Serum albumin concentration was lower in PD patients (mean albumin 27.1±3.9 g/l) than CKD 4 patients (mean albumin 34.2±2.9 g/l, P<0.0001), and HD patients (mean albumin 34.3±1.3, P<0.0001). There was no significant difference between time-averaged serum albumin concentration between CKD 4 patients and HD patients (P ¼ 0.77). Mean CRP concentrations were significantly lower in CKD 4 patients (7.1±7.2 mg/l) than either HD (29.1±57.2 mg/l, P ¼ 0.03) or PD patients (33.6±41.7 mg/l, P ¼ 0.001). Mean CRP concentrations were not significantly higher in HD patients compared with PD patients (P ¼ 0.73). All sex specific data for each of the three patient groups are summarized in Table 2 .
Although the overall level of physical activity between the three groups was not formally assessed, there were no significant differences in the percentage of patients who were unable to perform the STS tests ( Table 2) .
Discussion
This cross-sectional study allows the first direct assessment of muscle CSA and functional capacity in CKD 4 patients with those receiving both PD and HD. Functionally significant muscle atrophy is a common feature of uraemia and is more pronounced in patients receiving dialysis than those with CKD 4. Unsurprisingly, muscle CSA was greater in males rather than females. This difference was maintained in CKD 4 and 5 patients, as was the normal association of age with CSA. This association with age has been reported using a similar methodology to that used in this study, but without reference to other uraemic comparative groups or measures of muscular function [15] . The amount of muscle, as assessed by measured Muscle wasting in CKDthigh CSA corrected for height, did correlate with objective measures of physical performance. Significant reduction in muscle CSA was associated with significant reduction in functional capacity. There was a trend to increased fat CSA in PD patients as compared with CKD 4 and HD patients, possibly associated with the systemic exposure of an increased carbohydrate load from glucose-based dialysis solutions. The determinants of muscle atrophy are likely to be multifactorial, and potentially have differing relative effects in patients with CKD 4 as compared with those receiving either PD or HD. Differences might also exist in the aetiology of wasting between PD and HD patients. This is consistent with the observed differences in capillarization in muscle biopsy studies between dialysis modalities [12] . It would appear from our study that CKD 5 patients do exhibit a similar muscle mass, regardless of dialysis modality, and this is less than in patients who are non-dialysis dependant but with pronounced uraemia. A reduced muscle mass (in tibialis anterior muscle) has already been reported in HD patients in comparison with non-uraemic controls [1] . The net effect of dialysis (irrespective of modality) on both muscle mass and functional capacity appears to be similar. This is the first study that has allowed direct comparison of measured muscle amount between these groups. Other studies relying on indirect methods such as anthropometry tend to underestimate muscle wasting [16] .
Atrophy is obviously also a result of disuse. However, histological study of non-locomotor muscles in CKD 5 patients does reveal atrophic change, consistent with direct effects of the uraemic milieu [6] . Although no direct measurements of overall physical activity were made between these patients, the lack of significant difference in the percentage of patients unable to complete the STS assessment, and similar overall levels of performance as measured by that assessment suggests there was little difference. Increased levels of debility in one dialysis modality compared with the other is also unlikely, given the similar demographics, dialysis vintage and essentially free choice of modality that had been offered to patients. Hb concentration was also similar between the three groups. Anaemia was therefore unlikely to have contributed to differences in functional status.
CKD is associated with reduced muscle protein synthesis as compared with non-uraemic controls [17] . No data are available on whether or not this is proportional to the severity of uraemia. Acidosis has been reported to be important in the control of muscle protein synthesis and catabolism [18] . However, there were no observed differences in serum bicarbonate concentration between CKD 4 or 5 patients, and serum bicarbonate concentration was not correlated with muscle CSA. This may, however, be an important mechanism for muscle wasting if compared with the non-uraemic population, as a significant percentage of the patients studied did have reduced serum bicarbonate concentrations. Protein energy malnutrition (PEM) is prevalent in patients receiving dialysis [8] and is associated with muscle wasting [19] . Serum albumin is a widely used marker of nutritional status and was the most strongly correlated factor with reduced muscle CSA. The lower serum albumin concentrations seen in the patients on PD are less indicative of PEM and are largely a result of peritoneal protein losses, particularly in those patients with higher transporter status.
Serum albumin, though is a poor marker of overall nutritional status, may be a marker also of the level of generalized inflammatory stress. Systemic inflammation with suppression of circulating protein synthesis and elevation in acute-phase proteins, is another critical component of the malnutrition/inflammation-complex characteristic of many uraemic patients. It is also associated with reduced muscle mass [20] . The fact that serum CRP concentrations are commonly elevated in both PD and HD patients has been appreciated for a number of years [21] , and were elevated in this study as compared with CKD 4 patients. CRP concentrations were negatively associated with muscle CSA. The association, though not particularly strong, may well have reflected the single value of CRP used in the analysis rather than time-averaged values that better reflect previous exposure to chronic inflammation.
This study has a number of limitations, a number of which are inherent in the cross-sectional observation approach, which limit the usefulness of extensive investigation of true determinants of presumed progressive muscle wasting. For instance, the univariate relationship between muscle CSA and STS only explains 16-27% of the common variance. There are a number of other potential factors that may account for this. The use of stature to 'normalize' muscle CSA may not be ideal, whereas the use of single fascicle length would be ideal, but not possible in this initial investigation. The choice of muscles in the calculation of muscle CSA to include others not used in the main movements studied is also a potential weakness. This approach was chosen as being both relatively simple to apply, and most consistent with published literature on the use of thigh CT assessment of muscle, but could be refined in further study. An approach based on physiological rather than anatomical CSA might also improve the correlations with functional performance.
In conclusion, patients with dialysis-treated CKD 5 exhibited more functionally significant muscle wasting even than CKD 4 patients with significant uraemia. This may be amenable to modification with targeted exercise or amelioration of factors associated with observed differences in muscle mass. Serial assessments with CT offer an excellent opportunity to study the determinants of change in muscle mass in patients established on dialysis or transiting from CKD 4 to 5.
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